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ABSTRACT 


uae  great.er  than  the  perpendicular  waveiength.  In  experiments  wit  th* 
PYritlaHed  beam  apparatus*  we  hflve  found  that  the  electrostatic  waves  are 

xperiments  are  being  carried  out  to  obtain  a  quantitative  measure  nf  th* 
transverse  energy  of  an  electron  beam.  ntnative  measure  of  the 
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PURPOSE 


'its 


This  investigation  has  as  its  purpose  the  theoretical  and  experi¬ 
mental  investigation  of  new  (i.e.,  not  space  charge)  modes  of  beam  plasma 
interaction.  In  particular,  it  includes  the  investigation  of  the  feasibility 
of  these  new  modes  as  an  improved  means  of  generation  and  amplification  of 
microwaves . 


II.  INTRODUCTION  AND  STATEMENT  OF  PROBLEM 

It  is  apparent  from  recent  developments  in  the  lineary  theory  of 
plasma  waves  (of  which  electron  beam  waves  are  a  subgroup)  that  the  wave  inter¬ 
actions  used  thus  far  in  devices  for  microwave  generation  and  amplification 
represent  only  a  small  fraction  of  those  which  are  possible  and  which  should  be 
considered.  Performance  and  design  limitations  of  existing  devices  are  due  to 
the  characteristics  of  the  particular  waves  used, and  they  may  well  be  extended 
or  removed  if  different  waves  are  employed. 

The  Sperry  Rand  Research  Center  (SRRC)  has  contracted  to  conduct  a 
comprehensive  theoretical  and  experimental  study  of  particular  plasma  waves 
(including  electron  beam  waves)  which  are  candidates  for  application  to  high- 
power  microwave  generators  or  amplifier,  and  which  have  no,  as  yet  been  ade¬ 
quately  investigated 

The  work  being  undertaken  is  an  extension  of  research  which  has  been 
in  progress  at  SRRC.  As  a  result  of  company  sponsored  investigations  performed 
during  the  past  three  years,  an  important  set  of  beam  and  plasma  waves  -  the 
so-called  electrostatic,  cyclotron-harmonic  waves  -  have  been  identified.  These 
waves  merit  further  study  because  they  remove  the  plasma  density,  magnetic  field, 
and  parallel  phase  velocity  restrictions  inherent  in  the  wave  modes  used  in 
existing  devices.  Their  dispersion  relation  has  been  formulated  and  solved  for 
many  interesting  cases,  including  growing  wave  interactions. 

In  particular  the  research  program  includes  measurement  of  propa¬ 
gation  characteristics  for  comparison  with  existing  linear  dispersion  theory; 
coordinated  theoretical  and  experimental  study  of  the  effect  of  finite  geome¬ 
try,  velocity  spread,  and  density  and  temperature  gradients  on  linear  propaga¬ 
tion  characteristics  and  wave  impedance;  a  primarily  experimental  study  of  non¬ 
linear  amplitude  limiting  and  spurious  frequency  generation;  and  a  study  of  the 
noise  properties  of  the  amplification  medium.  Special  emphasis  will  be  given  to 
a  search  for  practical  methods  of  efficiently  coupling  these  waves  to  conven¬ 
tional  transmission  lines. 

The  program  will  also  include  extension  of  the  range  of  solutions  to 
Hnjar  plasma  and  beam  wave  dispersion  relations  in  a  search  for  additional  wave 
modes  of  potential  usefulness  in  high-power  microwave  devices.  Ftr  while  the 
past  theoretical  program  at  SRRC  has  been  extensive,  there  remain  many  possible 
relative  orientations  of  beam  velocity,  wave  velocity,  rf  electric  field  and  dc 
magnetic  field  vectors,  wide  ranges  of  parameters,  and  many  beam  and  plasma 
velocity  distributions  of  potential  interest  which  have  not  yet  beer,  considered. 


HI.  TECHNICAL  BACKGROUND 


A.  LINEAR  THEORY  OF  WAVES  IN  A  UNIFORM  PLASMA  OR  BEAM 

The  non-relati vistic  dispersion  relation  for  high-frequency 
electrostatic  waves  in  an  infinite  uniform  electron  medium  neutralized  by 
massive  ions  is:  1 
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where 


k|i  -  component  of  propagation  vector  along 

the  static  magnetic  field,  B  . 

o 

kx  =  component  of  propagation  vector  across 
the  static  magnetic  field. 


f 0 < VX * v II >  -  the  normalized  electron  velocity  distribution, 
where  vx  is  the  velocity  across  the  field 
and  V||  is  the  velocity  along  the  field. 


and  Jn(kivJ./n) 
argument  kxvx/n  . 


is  the  Bessel  function  of  the  first  kind  and  order 


n  with 


hehau.  f  ,.The  lmPort8nce  of  the  distribution  function  in  determining  the 

-t  f  -5®  W8VeS  ^hlCh  may  be  suPP°rted  in  the  medium  is  striking.9  To 
magnetic1? ield, WthennSldCr  "  b'“  WUh  VCl°City  “'the 


f0(vx,V||)  =  2*^-  5(vx)  6(v||  -  vqii ) 


-  2  - 


and  the  dispersion  relation  is 


(*  “  k| Vq! )‘ 


‘i  .2  2 

(a/  -  k|VQ«)  -  0 


*  kl  ♦  k. 


This  equation,  originally  discussed  by  Could  and  Irive  piece, 
describes  the  fast  and  slow  space  charge  waves  as  well  as  the  fast  ind  slow 
fundamental  cyclotron  waves.  The  case  of  a  finite  beam  diameter  has  also 
been  discussed  in  detail.2  The  general  conclusion  drawn  from  the  s  sple  case 
of  a  uniform  density  finite  diameter  beam  is  that  the  geometry 
the  set  of  k  values  ( kx . ka )  which  can  be  used  to  satisfy  (2)  but  that  the 
infinite  medium  dispersion  equation  must  still  be  satisfied.  d‘,Pcr‘‘°n 

diagram  for  this  "cold"  electron  beam  is  given  in  Fig.  1.  It  "*I|  *>*  noted 
that  the  slow  "negative  energy"  waves  used  for  oscillators  or  amplifiers 
have  a  parallel  phase  velocity  less  than  the  beam  velocity. 

When  electron  motion  about  the  lines  of  magnetic  field  is  taken 
into  account,  an  infinite  set  of  waves  is  found. In  addition  to  modified 
space  charge  waves,  two  waves  exist  for  each  harmonic  of  the  electron  cyclo¬ 
tron  frequency.  One  of  each  such  pair  of  waves  is  found  to  have  negative 
energy.5  and  can  thus  be  used  for  growing  w»ve  interaction,  as  is  the  now 
space  charge  wave  ir.  conventional  microwave  lubes.  The  dispersion  curve 
shown  in  Fig.  2  is  for  a  beam  of  monoenergetic,  spiraling,  electrons,  whose 
velocity  distribution  is  given  by 
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and  whose  dispersion  relation  is 
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FIG.  1  Dispersion  diagram  of  so-called  cold  electron  beta  where  electrons 
move  only  along  the  siagnetlc  field  with  a  single  speed  (in  this  esse 
zero  velocity).  The  beam  plasma  frequency  divided  by  the  cyclotron 
frequency  u^/fl  =  0.5  for  the  exasiple  chosen. 
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w/fl 

FIG.  2  Dispersion  dlagraa  for  transverse  bean  nodes  on  a  mono-energetic 
bean  of  spiraling  electrons.  Only  positive  frequencies  are  shown 
for  convenience.  The  dispersion  relation  is  symmetric  about  both 
axes.  Here  again  rn^/n  =  0.5  but  vox  =  Q/kx  (fixed  kx). 


If  we  consider  an  electron  beam  whose  distribution  function  is 
Maxwellian  across  the  field  and  having  a  single  velocity  along  the  field, 
then  the  results  of  using  this  in  Eq.  (1)  yields 
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where 


X  =  (kxVj/n)2 


Equation  (3)  exhibits  certain  interesting  characteristics  which 
in  principle  may  be  utilized  in  a  power  generation  system.  Consider  the 
function  in  the  last  sum  on  the  right-hand  side  of  the  equation. 


Jn  i(p)  "  JL(P)  =  J „<P>  £  J  <►') 

n-1  n+1  n  dp  n 

where 


P  -  kxVOi/n 

This  function  becomes  negative  whenever  Jn(p)  and  its  derivative  are  of 
opposite  sign.  It  is  possible,  for  e  sufficiently  dense  beam,  to  have 
instability  over  critical  perpendicular  velocity  ranges  for  which 
Jn(p)  d/dp  J„(p)  is  negative.  Too  much  velocity  spread  in  the  perpen¬ 
dicular  direction  can  eliminate  these  unstable  regions,  however,  since  the 
Maxwellian  velocity  distribution  beam  does  not  exhibit  this  characteristic. 
Our  theoretical  investigation  will  include  detailed  calculations  of  the 
effect  both  of  perpendicular  velocity  spread  (we  will  employ  a  shifted  Max¬ 
wellian  distribution  with  variable  velocity  spread)  and  of  axial  velocity 
spread,  a  spread  which  leads  to  the  so-called  "collisionless  cyclotron 
damping. " 
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Interaction  between  the  transverse  velocity,  negative  energy 
wave  on  the  beam  near  the  cyclotron  harmonic  and  a  circuit  (or  beam  or 
plasma)  positive  energy  wave  leads  to  wave  growth.  This  is  dramatically 
illustrated  in  Fig.  3,  where  we  present  the  negative  and  positive  energy 
waves  on  a  single  electron  beam.  As  the  beam  electron  density  increases, 
the  positive  energy  wave  originating  at  zero  frequency  for  k||  =  0  (the 
fast  space  charge  wave)  couples  with  the  negative-energy  transverse  veloc¬ 
ity  wave  at  the  cyclotron  frequency,  and  an  instability  results  in  growing 
wave  solutions. 6  The  growth  rate  and  frequency  spectrum  of  these  waves  are 
presented  in  Fig.  4  for  several  harmonics  of  the  electron  cyclotron  fre¬ 
quency. 


The  interaction  of  a  monoenergetic  beam  excited  in  the  trans¬ 
verse  velocity  mode  with  a  plasma  whose  electrons  have  a  Maxwellian  veloc¬ 
ity  distribution  has  been  considered  under  somewhat  restricted  conoitions 
by  us.  We  have  found  wave  growth  in  the  region  where  the  axially-traveling 
beam  electrons  see  the  cyclotron  harmonic  frequencies  after  the  approximate 
doppler  shift.  This  interaction  occurs  if  the  plasma  appears  to  be  lossy 
(resistive  instability)  or  slightly  reactive  (reactive  instability).  In 
Fig.  5  we  show  the  results  of  a  calculation  of  the  reactive  instability. 

The  effect  of  boundaries  in  a  finite  beam  of  uniform  electron 
density  is  subtly  complicated  by  the  non-zero  orbits  of  the  electrons. 

Those  electrons  traveling  on  field  lines  within  a  Larmor  radius  of  the  outer 
edge  of  the  beam  penetrate  through  the  beam  boundary  and,  hence,  through 
what  would  be  a  region  of  radial  field  discontinuity.  These  electrons  may 
interact  more  strongly  with  harmonics  of  the  cyclotron  motion  than  electrons 
nearer  the  axis.? 


B.  THE  EFFECT  OF  GRADIENTS 

The  importance  of  density  and  temperature  gradients  in  beams 
or  plasmas  is  well  recognized.  Because  of  theoretical  difficulties,  few 
attempts  toward  adequate  solutions  have  been  made.  Recently,  Nickel,  Parker 
and  Gould®  and  others  investigated  the  effect  of  plasma  gradients  upon  elec¬ 
trostatic  waves  propagating  across  a  plasma  column  in  order  to  explain  the 
so-called  Tonks-Dattner  resonances  which  occur  with  no  magnetic  field. 
Buchsbawn  and  Hasegawa*'  and  Schmitt,  Meltz  and  FreyheitlO  have  considered 
wave  propagation  across  a  radial  density  gradient  in  a  magnetized  plasma. 

In  all  cases,  it  is  assumed  that  the  change  in  density  across  a  Larmor  orbit 
is  either  so  small  that  the  gradient  slightly  perturbs  the  wave-equation  or 
so  large  that  the  zero  magnetic  field  condition  is  valid. 

Emission11  and  absorption^' ^  measurements  of  a  plasma  column 
immersed  in  a  magnetic  field  have  shown  very  interesting  fine  structure  when 
the  frequency  of  observation  is  in  the  vicinity  of  twice  the  electron  cyclo¬ 
tron  frequency  (and  higher  harmonics  as  well).  The  theory  of  Buchsbaum  and 
Hasegawa  is  that  waves  can  propagate  within  the  high-density  core  of  the 
plasma  out  toward  the  walls  of  the  discharge  tube  until  the  wave  frequency 
corresponds  to  the  local  hybrid  frequency  (u>hybrid  =  +  fljj) »  as  long  as 

the  wave  frequency  is  less  than  the  second  harmonic  of  tne  cyclotron  frequency. 
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FIG.  3  Dispersion  relation  for  nono-energ'.tic,  fixed  perpendicular  energy 
been  wives  of  frequency  less  then  the  first  cyclotron  hsrnonic. 
Eech  curje  is  for  different  been  density  expressed  In  terns  of  the 
retlo  u^/nP  ell  hiving  V±v01  =  0.10.  As  density  incresses,  the 
wive  origineting  neer  zero  frequency  couples  with  the  negetive 
energy  wive  ’jelow  the  cyclotron  frequency,  end  wive  growth  ensues. 


FIG.  4  Growth  rate  and  frequency  of  gr^lng  wave*  associated  with  the 
Interaction  of  the  positive  energy  beaa  wave  with  the  negative 
energy  beaa  wave  on  the  n«  beaa  as  a  function  of  the  ratio  of 
cyclotron  to  beaa  plasaa  frequency.  Growth  curves  are  shown  by 
the  dashed  lines. 
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At  the  hybrid  frequency  the  waves  become  evanescent  on  the  outside  and  are 
reflected  toward  the  interior!  thus  setting  up  a  standing  wave  or  radial 
resonant  condition.  The  importance  of  radial  density  gradients  is  stressed 
by  their  analysis. 

The  combination  of  tne  linearized  Boltzmann  equation  with 
Poissor’s  equation  leads  to  the  following  differential  equation  for  slab 
geometry: 


-4-  ♦  ra  -  jAr]  ■«’■>«*>  *  0  (5) 

dx  X  id  -  n  v  J 


where 


T  is  the  electron  temperature  (assumed  to  be  uniform),  g(x) 
is  the  normalized  electron  density  profile,  and  uu  is  the  peak  electron 
plasma  frequency.  P° 

2  2  2 

If  the  medium  is  uniform,  g  =  1  and  d  /dx  -»  -k  ,  so  that 
the  dispersion  relation  is 
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from  which  we  can  verify  that 
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The  solution  of  Eq.  (5)  can  be  explicitly  given  for  a  density 


g(x)  = 
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and  is 
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and  the  D  functions  are  parabolic  cylinder  functions.  These  functions 
osci  iate  in  space  in  the  Banner  of  a  radial  standing  wave,  showing  that 
physically  the  wave  propagating  out  fro*  the  core  is  continuously  reflected 

°r!?  ?!*  °',ch,bau«  »"d  Hasegawa’s  work  has  been  extended 
by  us  to  nclude  cylindrical  geometry,  and  the  sesw  essential  feature  of 
the  stand  ng  wave  pattern  is  found.  In  Fig.  6  we  illustrate  the  nature  of 

h  ?k*°  “I10"!  a**°c,#l®d  "llb  waves  propagating  across  a  density  gradient 
both  with  and  without  a  static  axial  ■agnelic  field. 

i  i  w  ,0*ul^0n  above  for  the  non-unifona  piassa  is  valid 

r*9,on1wher®  2f)  and  is  a  result  of  an  expansion  to  first 
orter  in  the  quantity  (Lr  d/dx).  which  is  the  ratio  of  Laraor  orbit 
r  *  /Kr)  to  gradient  scale  length.  In  order  to  consider  waves  in  the 
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FIG.  6  Electric  potential  associated  with  the  radial  wave  resonances 
on  a  plasma  column.  Three  cases  are  indicated:  Tonks-Dattner 
(TO)  resonances  with  no  magnetic  field,  the  Buchsbaum-Hasegawa 
core  resonances  (B-H)  in  a  magnetic  field  and  external  resonances 
in  a  magnetic  field. 
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vicinity  of  the  third  harmonic,  terms  to  second  order  in  Lr  d/dx  are  re¬ 
quired  and  so  on.  It  is  obvious  that  computational  complications  increase 
with  higher  harmonic  number  if  such  a  technique  is  used.  We  propose  to  con¬ 
sider  the  extension  of  this  method  as  well  as  attempting  different  attacks 
on  the  problem. 

While  a  plasma  will  probably  have  only  slightly  non-uniform  elec¬ 
tron  temperature,  an  electron  beam  may  well  have  a  velocity  distribution  (it 
would  be  incorrect  to  consider  it  a  temperature)  which  is  highly  inhomogeneous 
as  a  result  of  generation  and  injection  methods.  The  terms  arising  from  inhomo¬ 
geneous  beam  electron  velocity  distribution  (and  density  gradients)  in  the 
Boltzmann  equation  are  from  the  term  v0  7r  f0  ,  where  fn  =  n(r)g, (r,v,)gB(r,  v„). 
That  is,  we  assume  that  the  density  and  velocity  variations  are  separable.  For 
example,  we  could  consider  a  local  Maxwellian  velocity  distribution  in  the  , 
direction,  A 


gx(r,vx)  =  -7=4 


/2n 


v  j.0*r> 


exp  I- 


2vx0(r) 


The  consequences  of  such  a  distribution  (or,  for  that  matter,  of  any  tempera¬ 
ture  gradient)  upon  the  cyclotron  harmonic  beam  waves  are  not  evident,  but 
approaching  the  problem  via  a  perturbation  technique  allows  the  insights 
obtained  in  the  uniform  analysis  to  be  extended  and  applied  to  the  very  dif¬ 
ficult  case  of  spatial  temperature  variation.  That  is,  we  can  consider 


VxO<r)  =  vf0 


+  Y(? 


2’ 

« 


where  Y  is  a  small  number  and  £  is  the  beam  radius. 


e  are  exploring,  as  one  possible  coupling  mechanism,  the  non- 
uniform  plasma  resonances  discussed  in  the  previous  section.  These  resonances 
set  up  the  high-order  radial  field  variations  required  to  excite  transverse 
velocity  beam  waves.  The  resonances  themselves  may  be  excited  by  electrodes 
which  are  located  entirely  outside  the  beam-plasma  region.  (See  Fig.  8.) 


Many  experiments  related  to  this  aspect  have  been  conducted. 

From  these  experiments,  it  appears  that  the  core  resonances  in  a  plasma  are 
strongly  excited  by  an  external  circuit.  The  depth  of  the  absorption  is  well 
illustrated  in  Fig.  7,  which  shows  oscilloscope  traces  of  resonant  dips  in 
reflected  power  as  viewed  on  a  strip  line  excited  at  a  frequency  of  400  Mc/sec. 
Each  trace  is  for  the  indicated  ratio  of  wave  frequency  to  cyclotron  frequency; 


FIG.  7  Experimental ly  observed  radial  electron  plasma  wave  reianaacei 

in  the  core  of  a  cylindrical  platma  column  for  different  magnetic 
field  strengths,  observed  in  reflection  In  a  neoa  afterglow  plasma, 
0.02  torr,  f  =  400  He/sec,  time  scale  0.2  msec/dlv.  Koto  depta  of 
resonant  structure. 


MOVABLE  LANGMUIR  PROBE 


FIG.  8  Experimental  apparatus  showing  method  of  excitation  as  well  as 
method  of  Internal  probing  of  radial  resonances  on  a  plasma 
column  In  magnetic  field.  The  rf  excitation  at  1175  Me/sec  Is 
made  on  a  capacitive  type  system  employing  striplines  fed  out 
of  phase.  A  simple  coaxial  cable  with  the  center  conductor 
bared  for  one  Inch  serves  as  the  probe  inside  the  dc  discharge. 
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all  traces  are  in  the  vicinity  of  the  second  harmonic  of  the  cyclotron  fre¬ 
quency,  as  predicted  by  the  dispersion  relation  of  Bernstein12  from  longitu¬ 
dinal  waves  propagating  across  the  magnetic  field. 

IV.  WORK  PERFORMED  DURING  REPORT  PERIOD 

A.  Theoretical 


Electrostatic  waves  in  a  magnetized  plasma  propagating  in  directions 
perpendicular  to  the  magnetic  field  are  described  by  the  Bernstein  dispersion 
relation.  However,  the  Bernstein  modes  are  for  a  Maxwellian  plasma  and  do 
not  allow  for  deviations  from  the  perpendicular.  The  waves  in  a  typical  experi¬ 
ment  probably  have  some  component  of  wave  number  along  the  magnetic  field,  and 
in  this  contract  such  oblique  propagation  is  particularly  desirable  to  facili¬ 
tate  coupling  to  external  circuitry.  Moreover,  discharges  may  have  some  non- 
Maxwellian  velocity  distribution. 

The  Fourth  Quarterly  Report  described  the  dispersion  relation  for 
Druyvestyn  and  exponential  distribution  functions  and  perpendicular  propaga¬ 
tion.  The  numerical  results  were  reported  in  the  Gruber  and  Bekefi  paper 
included  as  an  appendix  to  the  Fifth  Quarterly  Report.  The  essential  conclu¬ 
sion  was  that  the  dispersion  relation  was  not  significantly  different  for  non- 
Maxwellian  velocity  distrib  ‘.ions. 

During  this  quarter,  numerical  results  have  been  obtained  for  propa¬ 
gation  in  a  Maxwellian  plasma  in  directions  slightly  away  from  the  perpendicu¬ 
lar.  This  removes  the  other  restriction  to  the  Bernstein  modes.  Large  devia¬ 
tions  from  the  perpendicular  rapidly  lead  to  large  damping.  This  is  well  known 
and  is  also  evident  from  the  numerical  results. 

The  numerical  work  has  been  simplified  by  considering  the  case 
«)p  »  a  ti  .  The  dispersion  relation  follows  directly  from  Eq.  (1)  and  is 


00 
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The  are  modified  Bessel  functions  and  Z(an)  is  the  plasma  disper¬ 
sion  function.  Our  interest  is  in  frequencies  r/here  tu  **■  zfl  and  ;$  2.0  . 
It  is  therefore  sufficient  to  include  only  -  10  s  n  *  10  ;  the  relationship 
above  can  then  be  simplified  to 


10 


n=0 


where  s=ui/fl  .  Values  of  XA  that  satisfy  this  relation  for  real  values  of 
s  and  Xy  have  been  obtained.  The  Z  function  is  complex,  which  requires 
that  Xx  be  complex. 

Solutions  for  X||  s  0.20  are  shown  in  Figs.  9  and  10.  The  vp.lue  of 
X||  =0.10  corresponds  to  an  axial  wavenumber,  ky  ,  of  about  5.0  aid  an  axial 
wavelength  of  about  1.3  cm.  The  curves  labeled  X||=0  are  the  Bernstein  modes 
in  the  high  density  limit  (tup  »  fl).  The  Xy  >  0  curves  all  go  into  s=0 
for  Ro/"Xx  =  0  •  The  points  are  experimental  values  obtained  recently  (see  next 
section).  The  experimental  parameters  are  not  sufficiently  well  known  to  deter¬ 
mine  by  this  comparison,  but  a  value  of  In/x],  <  0.01  is  required  for 

propagation  without  unreasonable  damping. 

B.  Modulated  Beam  Experiment 

1.  Beam  Excitation  of  Longitudinal  Waves 

The  observation  of  longitudinal  waves  excited  with  the  modulated 
beam,  described  in  the  last  report,  required  the  use  of  magnetic  field  modu¬ 
lation  and  a  phase-sensitive  detection  technique.  We  have  recently  observed 
more  efficient  excitation  of  the  waves  and  have  been  able  to  detect  them  with 
an  ordinary  superheterodyne  receiver.  At  the  same  time,  we  have  found  a 
dependence  of  excitation  efficiency  on  the  transverse  energy  of  the  beam  elec¬ 
trons. 


Figure  11  shows  the  intensity  of  the  signal  picked  up  by  a  probe 
which  was  moved  radially  across  a  mercury  discharge  without  magnetic  field 
modulation  or  phase  sensitive  detection.  As  before,  it  has  been  assumed 
that  the  observed  intensity  variation  is  due  to  a  beat  between  a  traveling 
longitudinal  wave  in  the  plasma  and  a  very  long  wavelength  oscillation  at 
the  same  frequency.  The  radial  wavelength  (the  separation  between  peaks  in 
Fig.  11)  was  measured  as  a  function  of  magnetic  field  and  compared  with  the 
theoretical  calculations  in  Fig.  9.  It  is  not  known  why  previous  measure¬ 
ments  of  the  radial  wavelength  (see  Fig.  16  of  the  Fifth  Quarterly  Report) 
disagree  with  the  theory,  although  some  of  the  parameters  which  affect  the 
excitation  efficiency  may  also  affect  the  dispersion  of  the  waves.  In  order 
to  plot  the  experimental  points  in  Fig.  9,  where  /x  =  kAvT/n,  vT  was  taken 
to  be  9.1  x  10'  cm/sec,  corresponding  to  a  4.7  eV  electron  temperature.  This 
value  was  obtained  previously  from  Langmuir  probe  measurements. 
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FIG.  10  The  imaginary  part  of  /\L  vs  ta/n  for  a  range  of  X|  .  The 
Bernstein  modes  are  \||=0  and  have  zero  imaginary  part  (no 
damping).  The  W  must  be  <  0.01  for  reasonable  damping. 
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SIGNAL  INTENSITY 
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FIG.  11  The  Intensity  of  the  probe  signal  as  a  function  of  its  radial  position 
without  Magnetic-field  modulation  or  phase-sensitive  detection. 


The  variation  of  signal  intensity  with  corkscrew  current  is  shown 
in  Figs.  12  and  13.  The  intensity  was  measured  at  each  of  four  peaks  observed 
when  the  probe  was  moved  radially  outwards  as  in  Fig.  11.  The  first  and  third 
peaks  were  of  somewhat  greater  intensity  than  the  second  and  fourth  peaks  (the 
first  peak  wat  the  one  closest  to  the  axis  of  the  beam).  For  these  peaks  the 
intensity  increases  approximately  exponentially  with  the  corkscrew  current. 

If  the  helix  is  operating  according  to  theoretical  predictions,  the  transverse 
velocity  of  the  electrons  in  the  beam  is  proportional  to  the  corkscrew  cur¬ 
rent.  The  reason  for  the  reduction  in  signal  intensity  with  corkscrew  cur¬ 
rent  about  10  A  is  not  understood,  unless  the  increase  in  diameter  of  the  beam 
with  transverse  velocity  causes  the  beam  to  impinge  on  some  limiting  aperture 
in  the  system. 

2.  Axial  Measurements 

An  antenna  which  could  be  moved  in  an  axial  direction  was  incorporated 
in  the  modulated-beam  experiment.  The  purpose  of  the  antenna  was  to  detect 
growth  in  the  system  and  to  try  to  measure  the  axial  wavelength  of  the  longi¬ 
tudinal  waves.  No  significant  change  in  the  intensity  of  the  spectrum  was 
observed  as  the  antonna  was  moved  to  different  axial  positions.  However,  the 
antenna  could  be  moved  only  over  a  distance  of  about  eight  inches  close  to  the 
cathode  of  the  main  discharge.  The  region  where  the  transverse  energy  beam 
enters  the  plasma,  where  growth  is  more  likely  to  occur  without  the  signal 
reaching  a  saturation  level,  could  not  be  probed.  The  apparatus  is  being  mod¬ 
ified  to  allow  growth  measurements  in  this  region. 

No  measurements  of  the  axial  wavelength  were  obtained  because  of  the 
difficulty  of  accurately  moving  the  antenna  parallel  to  the  electron  beam. 

This  is  a  necessary  requirement  because  of  the  small  radial  wavelength  (~  1  mm): 
Large  changes  in  phase  with  axial  position  can  arise  from  slight  variations  in 
radial  position  as  the  antenna  is  moved. 

In  order  to  overcome  this  problem,  measurements  were  made  with  the 
antenna  fixed  while  the  axial  properties  of  the  system  were  changed  by  alter¬ 
ing  the  electron  beam  voltage.  As  the  voltage  was  varied,  the  phase  of  the 
antenna  signal  also  varied,  a  result  mentioned  in  the  previous  report.  Fig¬ 
ure  14  shows  the  antenna  signal  as  a  function  of  the  beam  voltages  obtained 
with  field  modulation  and  phase-sensitive  detection.  If  the  phase  variations 
weie  due  to  the  existence  of  an  axial  wavelength  equal  to  the  separation 
between  charge  maxima  on  the  beam,  the  phase  variations  should  ba  independent 
of  magnetic  field.  This  is  not  the  case  (see  Fig.  14).  Furthermore,  the 
theoretical  calculations  described  in  Sec.  A  above  indicate  that  strong  damp¬ 
ing  of  the  longitudinal  waves  would  occur  with  an  axial  wavelength  of  this 
magnitude  (~  1  cm), 

C.  Two-Beam  Experiment 

We  have  restarted  work  on  an  experiment  to  study  the  interaction  of 
two  interpenetrating  electron  beams,  one  with  an  appreciable  amount  of  trans¬ 
verse  energy,  in  an  axial  magnetic  field.  At  the  same  time,  we  are  investi¬ 
gating  rathods  of  measuring  the  transverse  energy  on  an  electron  beam.  The 
flexibility  and  size  of  the  two-beam  facility  make  it  very  suitable  for  this 
sort  of  measurement. 
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SIGNAL  INTENSITY 


CORKSCREW  CURRENT  (  Amp* ) 


FIG.  12  The  intensity  of  the  signal  at  the  first  and  third 
radial  peaks  as  a  function  of  corkscrew  current. 


CORKSCREW  CURRENT  (Amp*) 


FIG.  13  The  intensity  of  the  signal  (same  units  as  in  Fig.  12)  at  the 

second  and  fourth  radial  peak;  as  a  function  of  corkscrew  current 


A  beam  with  transverse  energy  may  be  obtained  from  one  with  only 
axial  motion  bv  the  use  of  a  helical  ("corkscrew")  magnetic  field  of  vari¬ 
able  pitch. 13.14  The  field  configuration  consists  of  the  uniform  axial 
field  superimposed  upon  a  transverse  perturbing  field  which  rotates  spa¬ 
tially  in  phase  with  a  particle  in  resonance.  This  method  has  been  used 
to  provide  transverse  energy  in  the  beam  plasma  and  modulated  beam  experi¬ 
ments  (see  previous  section).  However,  it  has  the  disadvantage  that  the 
required  perturbing  field  is  unique  with  respect  to  the  total  beam  energy 
and  the  steady  axial  magnetic  field.  An  adjustment  of  either  of  these  quan¬ 
tities  requires  a  new  design  for  the  helical  perturbing  field.  An  alterna¬ 
tive  method  for  obtaining  appreciable  transverse  energy  is  to  aim  the  beam 
into  a  region  of  increasing  magnetic  field  at  an  angle  with  respect  to  the 
symmetry  axis.  Since  the  magnetic  moment  is  a  constant  of  the  motion,  the 
initial  transverse  energy  is  increased  in  direct  proportion  to  the  increas¬ 
ing  field.  The  axially  directed  energy  is  reduced  correspondingly. 

During  this  quarter,  several  experiments  were  carried  out  to  obtain 
an  indication  of  the  transverse  energy  imparted  to  an  electron  beam  by  the 
methods  described  above.  In  the  first  of  these  experiments  a  probe  was  used 
to  measure  the  azimuthal  flux  (Tx)  in  an  electron  beam  which  had  passed  through 
a  helical  perturbing  field.  The  experimental  arrangement  is  shown  in  Fig.  15. 
The  probe  had  two  exposed  metallic  surfaces  which  faced  in  opposite  directions 
and  which  were  oriented  perpendicular  to  the  azimuthal  direction  (the  r-z  plane 
of  a  cylindrical  coordinate  system).  With  zero  helix  current,  the  outputs  from 
the  probe  were  balanced  for  a  null  indication.  A  typical  plot  of  the  output 
potential  0(°c  rx)  vs  helix  current  is  shown  in  Fig.  16  for  a  magnetic  field 
of  80  gauss  and  a  beam  energy  of  200  eV.  Although  no  absolute  measure  of  the 
transverse  energy  has  been  obtained  from  this  preliminary  experiment,  it  is 
evident  that  there  is  an  increase  in  the  transverse  flux  as  the  perturbing 
field  is  increased. 

Another  method  of  determing  the  transverse  energy  is  to  measure  the 
magnetic  field  associated  with  the  diamagnetism  of  an  electron  beam.  The 
change  in  the  axial  magnetic  field  due  to  the  transverse  motion  is 

R 

6Bz  =  ^oe  J  ^  dr 
0 


where  Tx  is  the  azimuthal  flux  and  the  integration  is  with  respect  to 
radial  distance  from  the  beam  center. 

An  experiment  has  been  performed  which  used  the  above  effect  as  an 
indication  of  transverse  energy.  A  200  eV  electron  beam  was  modulated  at 
1000  Hz.  The  gun  was  aimed  into  a  region  of  increasing  magnetic  field  at 
the  end  of  a  uniform  solenoid  at  an  angle  of  30°  with  respect  to  the  ax<s. 

A  2000  turn,  1^  inch  inside  diameter  electrostatically  shielded  pickup  coil 
was  placed  coaxially  within,  and  well  inside,  the  solenoid  where  the  mag¬ 
netic  field  was  uniform.  Signals  received  from  a  small,  known  azimuthal  cur¬ 
rent  indicated  a  sensitivity  to  axial  magnetic  field  fluctuations  on  the  order 
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FIG.  15  Experimental  setup  for  measuring  the  azii.  ithal  flux  on 
an  e'ectron  beam  with  a  probe  with  two  exposed  surfaces. 


FIG.  16  Differential  probe  output  as  a  function  of  helix  current. 


of  50  milligauss.  With  the  beam  turned  on,  targe  signals  at  the  modulation 
frequency  were  observed,  indicating  the  presence  of  appreciable  transverse 
energy. 

V.  CONCLUSIONS 

As  the  transverse  energy  of  the  beaa  is  Increased,  longitudinal 
plasma  waves  are  excited  more  efficiently  by  a  nodulated  electron  beaa. 
Calculations  of  the  damping  of  the  waves  for  oblique  propagation  shew  that 
the  axial  wavelength  must  be  larger  than  the  separation  of  charge  eaxiea 
in  the  electron  beam. 

VI.  FUTURE  PLANS 

Growth  measurements  will  be  wade  in  the  region  where  tha  nodulated 
beam  enters  the  plasma.  Further  experiments  are  planned  to  obtain  m  abso¬ 
lute  measure  of  the  transverse  energy  inparted  to  the  bean  by  the  corkscrew 
field  and  when  the  beam  is  injected  at  an  angle  to  the  magnetic  fielJ.  The 
radiation  from  a  transverse  energy  beaa  and  froa  a  transverse  energy  beaa 
interacting  with  an  axial  beam  will  also  be  studied. 
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